Postembryonic de novo organogenesis represents an important competence evolved in plants that allows their physiological and developmental adaptation to changing environmental conditions. The phytohormones auxin and cytokinin (CK) are important regulators of the developmental fate of pluripotent plant cells. However, the molecular nature of their interaction(s) in control of plant organogenesis is largely unknown. Here, we show that CK modulates auxin-induced organogenesis (AIO) via regulation of the effluxdependent intercellular auxin distribution. We used the hypocotyl explants-based in vitro system to study the mechanism underlying de novo organogenesis. We show that auxin, but not CK, is capable of triggering organogenesis in hypocotyl explants. The AIO is accompanied by endogenous CK production and tissue-specific activation of CK signaling. CK affects differential auxin distribution, and the CKmediated modulation of organogenesis is simulated by inhibition of polar auxin transport. CK reduces auxin efflux from cultured tobacco cells and regulates expression of auxin efflux carriers from the PIN family in hypocotyl explants. Moreover, endogenous CK levels influence PIN transcription and are necessary to maintain intercellular auxin distribution in planta. Based on these findings, we propose a model in which auxin acts as a trigger of the organogenic processes, whose output is modulated by the endogenously produced CKs. We propose that an important mechanism of this CK action is its effect on auxin distribution via regulation of expression of auxin efflux carriers.
P
ostembryonic de novo organogenesis represents an important developmental adaptation evolved in plants. Regeneration of entire bodies in hydras (1) or organs in amphibians (2) has been described. However, in the animal kingdom, these examples are rather exceptional. In contrast, plants evolved postembryonic formation of new organs from differentiated tissues as a strategy that allows physiological and developmental adaptation to changing environmental conditions. However, this strategy requires action by factors that are specifically able to induce developmental programs, leading to the formation of entire organs from virtually differentiated cells.
The interaction of auxin and cytokinin (CK) during plant organogenesis is a phenomenon known for a long time. In their pioneering work, Skoog and Miller (3) identified auxin-to-CK concentration ratios as an important factor regulating the developmental fate of plant tissue explants. Since that time, the role of both growth factors in plant development has been extensively studied. For auxin action, a model involving a spatial and temporal pattern of intercellular auxin distribution and concentration maxima is well established, and the molecular and cellular factors mediating auxin distribution have been identified (4, 5) . Differential auxin distribution has been shown to mediate multiple aspects of plant development, such as apical/basal axis formation (6) , root patterning (7, 8) , tropisms (9) (10) (11) , and organogenesis (12) (13) (14) (15) . CK is an important regulator of shoot (16) and root architecture (17) (18) (19) (20) (21) (22) , and it also regulates seed development (23) , abiotic stress (24) , and plant senescence (25) . CK signaling is mediated by two-component phosphorelay in Arabidopsis (for an in-depth recent review, see ref. 26 ). However, the molecular factors acting downstream of the CK signaling pathway remain mostly unknown.
Here, we use de novo auxin-induced organogenesis (AIO) as a model for characterization of the interactions between CKs and auxin in regulation of plant development. We show that auxin triggers organogenesis and that CK modulates its output through its effect on auxin distribution, which is realized by CK-dependent regulation of expression of auxin transport components.
Results

CK Modulates Auxin-Induced de Novo Organogenesis via Two-
Component Signalling. We have used the well-known phenomenon of distinct effects of different CK-to-auxin ratios on the development of plant explants in vitro (3, 27) and adapted this system to study the mechanism underlying de novo organogenesis. Placement of Arabidopsis hypocotyls on the media with threshold auxin concentration has resulted in the formation of newly induced root-like organs, even in the absence of exogenous CK. The threshold auxin concentration was identified as the lowest auxin concentration leading to the formation of well-distinguishable organs at different CK concentrations and was identified to be 30 ng/mL (135 nM) for 2,4-dichlorophenoxyacetic acid [2,4-D] and 100 ng/mL (537 nM) for naphthalene-1-acetic acid [NAA] (Fig. 1A) . In the root-like structures induced by NAA, all important morphological traits of genuine roots could be recognized (i.e., columella, lateral root cap, quiescent center, epidermis, cortex, endodermis, stele). In 2,4-D-induced organs, only the columella-like cells could be distinguished. However, in both 2,4-D-and NAA-induced organs, the columella-like cells revealed DR5 activity, which is consistent with the situation in genuine roots. With an increasing concentration of CK in the media, we observed a decreasing ability of hypocotyl explants to form root-like structures and their gradual disorganization ( Fig. 1 A and Fig. S1 , for more details see later in the text). At the CK (kinetin) concentration of 300 ng/mL (1.4 M, further referred to as the CK threshold), only disorganized callus was produced (Fig. 1 A) , with very rare remnants of distinguishable root-like organs (Fig. S1) . After a prolonged period of cultivation at these CK and auxin concentrations, the calli turned green, and new shoots have occasionally been formed from the disorganized tissue (data not shown). However, at auxin concentrations below the organ-inducing threshold, CK alone was unable to induce any organogenic response ( Fig. 1 A and B) . This suggests that auxin triggers organogenesis, whereas CK modulates it.
To address the involvement of CK signaling in the observed phenomenon, we analyzed expression of the primary CK response genes (i.e., the A-type ARR genes) (28) in hypocotyl explants using quantitative real-time (qRT) PCR in the presence of auxin threshold [NAA (100 ng/mL)] and increasing CK concentration. With the exception of ARR3, which peaked at 30 ng/mL (139 nM) kinetin, we have found a gradual increase in the expression levels of all inspected A-type ARRs with increasing CK concentration; a particularly steep increase of expression was observed at the CK threshold concentration ( Fig. 2A) . Next, we addressed the involvement of CK perception and its specificity in the observed morphogenic effect. We analyzed the organogenic response in hypocotyl explants isolated from mutants in CK receptors AHK2, AHK3, and AHK4 (29, 30) . All single, and particularly double, mutants showed increased resistance to CK in terms of modulation of organogenesis in comparison to corresponding WT (Fig. 2B) . Differences in the strength of the phenotype in particular single and double ahk mutants suggest a certain specificity of individual signaling pathways in the CK-dependent modulation of organogenesis, with a dominant effect of AHK4, followed by AHK3 and AHK2 (AHK4 Ն AHK3 Ͼ AHK2; Fig. 2B ). These findings are in accordance with previous observations (29, 30) , thus confirming the suitability of our experimental setup. Collectively, these results show that CKs modulate the auxin-induced organogenic response in Arabidopsis via two-component signaling.
AIO Is Accompanied by the Production of Endogenous CKs and
Tissue-Specific Activation of CK Signaling. The expression of A-type ARRs even in the absence of exogenous CKs ( Fig. 2A and data not shown) suggests that the AIO might be accompanied by endogenous CK production and subsequent activation of CK signaling. To identify the potential importance of endogenous CKs in AIO, we inspected organogenesis in hypocotyl explants with endogenous CKs depleted via ectopic overexpression of CYTOKININ OXI-DASE/DEHYDROGENASE genes (19) . In Pro35S:AtCKX2 and Pro35S:AtCKX3 explants, we observed partial resistance to CK, as manifested by increased competence of hypocotyl explants to form root-like organs ( Fig. S1 ) and formation of root-like structures even at the CK threshold concentration ( Fig. 3 A and B) . Because kinetin has been found to be only a poor substrate of CKX (31), this effect seems to be attributable to a decrease of endogenous CKs rather than to inactivation of exogenously applied CKs. To confirm that, we have measured levels of endogenous CKs in hypocotyl explants cultivated in the absence and presence of exogenous CKs. In the WT hypocotyl explants, endogenous CKs [from active CKs, predominantly trans-zeatin-9-riboside (ZR) and ZR phosphate] were found in the hypocotyls grown at the organogenesis-inducing (threshold) auxin concentration in the absence of exogenous CK. The amounts of most of the endogenous CKs were substantially reduced in the Pro35S:AtCKX3 hypocotyl explants ( Fig. 3C and Fig.  S2) . Surprisingly, the addition of exogenous CKs led to the further reduction of endogenously produced CKs in both WT and AtCKX3 overexpressing hypocotyl explants (Fig. 3C ). This is presumably attributable to up-regulation of endogenous AtCKX expression by exogenous CKs (32) . These data show that AIO is accompanied by the production of endogenous CKs that affect its developmental output.
To gain insight into the potential tissue specificity of CK production and action during AIO, we have inspected expression of ARR5, one of the earliest expressed CK primary response genes (28) . In agreement with our qRT-PCR data, we have observed the activity of ARR5 promoter in ProARR5:GUS hypocotyl explants even in the absence of exogenous CKs (Fig. S3A ). GUS activity in hypocotyl explants was delimited to the induced root-like organs, suggesting tissue specificity of CK signaling leading to up-regulation of ARR5 expression. Expression of ARR5 was reduced in both Pro35S:AtCKX2 and Pro35S:AtCKX3 lines ( Fig. S3A and data not shown, respectively). Altogether, these findings indicate that AIO is accompanied by tissue-specific activation of the CK signaling pathway and endogenous CK production that contributes to the CK-dependent modulation of AIO. Thus, the CK effect on AIO in our system is a sum of both endogenous and exogenous CKs.
CK Affects Auxin Distribution During de Novo Organogenesis.
To identify a mechanism of CK action during AIO, we inspected its effect on the morphology of auxin-induced organs in more detail. Interestingly, we found important differences in CK effect on AIO induced by either 2,4-D or NAA. In the absence of exogenous CKs, NAA induces formation of root-like structures with a cellular pattern that resembles Arabidopsis roots. The increasing CK concentration led to a decrease in the number of NAA-induced organs (Fig. S1) ; however, the morphology of formed organs was only slightly affected by CK concentration below the CK threshold (Fig.  4 A) . In contrast, 2,4-D induced formation of only poorly specified root-like organs that only partially resembled Arabidopsis roots, and the increasing CK concentration led to a gradual loss of organ structure and patterning (Fig. 4 A) . However, in both cases, the CK threshold led to the loss of organ formation and only unorganized callus was formed (Fig. 4 A) . The 2 types of auxin used, 2,4-D and NAA, differ in the mechanism of their transport in plant cells. While 2,4-D must be taken up into cells actively by AUX/LAX importers (11), NAA enters cells almost entirely via passive diffusion (33) . On the other hand, NAA, but not 2,4-D, gets out from cells easily via auxin efflux carriers (33, 34) , and can thus be more efficiently transported between cells. Thus, these different effects of CK on NAA-and 2,4-D-induced organogenesis indicated the involvement of auxin transport in this process.
Transport-dependent control of the spatial and temporal pattern of auxin distribution in plant tissues plays an important role in multiple aspects of organogenesis in planta (13) . Thus, we examined the potential CK effect on the formation of local auxin maxima as visualized by the activity of the auxin response reporter DR5 (35) in organs induced by 2,4-D or NAA. The NAA-induced organs displayed single auxin maxima at the ''root tip,'' which resembles the situation in Arabidopsis root primordia (13, 36) . With an increasing CK concentration, the auxin maxima in NAA-induced organs were only slightly affected; they became diffuse and weaker, as visible particularly in DR5rev:GUS (Fig. 4B) . On the other hand, 2,4-Dinduced organs formed with multiple ectopically located auxin maxima in additional "root tips". The increasing CK concentration resulted in the formation of less focused auxin maxima and their spreading and disorganization. That correlated well with changes in the shape of 2,4-D-induced root-like organs, (i.e., gradual loss of the organ structure and patterning) (Fig. 4B) . At the CK-threshold concentration, almost complete loss of auxin maxima formation was observed in both NAA-and 2,4-D-induced calli (Fig. 4B) . Thus, the apparently higher sensitivity of 2,4-D-induced organs to CK-mediated morphogenic effect very probably reflects lower efficiency of efflux carriers to relocate 2,4-D in comparison to NAA. However, at concentrations reaching or higher than the CK threshold, the auxin efflux capacity decreases below the level necessary for formation of defined auxin maxima and, consequently, results in loss of organ patterning in both 2,4-D-and NAA-induced organogenesis.
Moreover, treatment with 1-naphthylphthalamic acid (NPA), a potent inhibitor of polar auxin transport at the level of auxin efflux (37, 38) , partially mimics the effect of exogenous CKs (Fig. 4C) . In the presence of NPA (10 M) and absence of exogenous CKs, NAA induces the formation of root-like organs similar to those induced by 2,4-D. However, these organs were more sensitive to both endogenous and exogenous CKs. That was manifested by the formation of a large amount of callus and a higher degree of organ Table S1 .
structure disintegration even at the lowest CK concentration applied, thus resembling the CK threshold ( Fig. 4C and Fig. S3 ). Accordingly, in the absence of exogenous CKs, NPA led to the formation of organs whose structure was better preserved and more resembled roots in Pro35S:AtCKX2 hypocotyl explants in comparison to WT (Fig. S3B ). This suggests partially synergistic but distinct effects of NPA and CKs on the AIO. Taken together, our results indicate a correlation between auxin distribution and its organogenic effect during de novo AIO and suggest an interference of CKs with the formation of the cellular efflux-dependent local auxin maxima. Nevertheless, it is obvious, and must be considered, that apart from the role of CKs in the regulation of auxin distribution, CKs also affect organogenesis via other mechanisms (e.g., regulation of cell proliferation) (3).
CK Affects the Expression of PIN Auxin Efflux Carriers and the Cellular
Efflux of Auxin. Our results suggest that, as shown for in planta organogenesis (12, 13, 15) , auxin efflux is also required for control of auxin distribution during de novo-induced organogenesis in our in vitro system. Therefore, we tested the scenario that CK influences AIO through an effect on auxin efflux. (Fig. 5A) . Similar results were obtained with various other CKs (Fig. S4) . Thus, CKs similar to established auxin transport inhibitors, such as NPA, inhibit auxin efflux. However, the long lag time of CK effect suggests that CKs regulate auxin efflux in BY-2 cells via regulation of expression of genes for efflux carriers or regulatory proteins rather than via direct interference with efflux activity. CK enhances ethylene biosynthesis (39) , and the involvement of ethylene in the regulation of auxin transport has been reported (40, 41) . Therefore, we analyzed CK effects on the auxin efflux in the presence of aminoethoxy vinyl glycine (AVG), an inhibitor of ethylene production (42) . No difference in auxin accumulation in BY-2 cells treated with CK was observed between the absence and presence of AVG (Fig. S4) , showing that CKs act on auxin efflux independent of regulation of ethylene biosynthesis. Next, we addressed the possible mechanisms by which CKs modulate auxin efflux. Auxin carriers from the PIN family were identified to be the rate-limiting regulators of the cellular auxin efflux (34) , and their key role in generating differential local auxin distribution has been demonstrated (5). Because cellular output of CK signaling occurs at the level of regulation of gene expression, we tested possible regulation of PIN expression by CKs. Using qRT-PCR, we have observed differential transcription of individual PIN genes in hypocotyl explants cultivated in the presence of auxin threshold (537 nM NAA) and different CK concentrations. Although the expression of PIN3 peaked at 100 ng/mL CK (464 nM kinetin) and decreased with further increasing CK concentrations, the expression of PIN6 was up-regulated at the same CK concentration (100 ng/mL) and further increased at 1,000 ng/mL CK (4.6 M kinetin) (Fig. 5B) . The transcription of root-specific PIN2 (10) dramatically decreased at the CK threshold, presumably reflecting the loss of root identity and formation of only undifferentiated calli (Fig. 5B) . Interestingly, PIN1 transcription was only slightly downregulated even at the highest CK concentration (4.6 M kinetin) (Fig. 5B) . However, in both 2,4-D-and NAA-induced root-like organs, the signal of PIN1-GFP was getting weaker and more diffuse with the increasing CK concentrations (Fig. 5C ). The PIN1-GFP signal was lost in calli at the CK threshold concentration, and only residual PIN1-GFP, apparently not associated with plasma membrane, was occasionally detectable (data not shown); for quantification of the CK effect on PIN1-GFP expression, see Fig.  S5 . Thus, CKs seem to affect the expression of PIN genes, possibly at both transcriptional and posttranscriptional levels. Taken together, these results show that CKs regulate expression of PIN auxin efflux carriers during de novo AIO, which provides a plausible mechanism for CK-dependent regulation of auxin efflux.
Endogenous CKs Are Required for Differential Auxin Distribution in
Arabidopsis Roots. Our results imply that CKs can affect auxin distribution during de novo organogenesis via regulation of auxin efflux from cells. In root development, differential auxin distribution has been shown to regulate activity and patterning of the root meristem (7, 36) . Thus, we addressed whether endogenous CKs are required for auxin distribution and root meristem patterning in planta. We examined the formation of local auxin maxima (visualized by DR5 activity) in CK-deficient Pro35S:AtCKX2 and Pro35S:AtCKX3 plants. In the root tips of these plants, DR5rev:GFP expression in columella expanded more laterally in comparison to that of control (Fig. 6A) . We analyzed 2 lines of each transformant, Pro35S::AtCKX2 and Pro35S::AtCKX3. For Pro35S::AtCKX2, 30 and 33 aberrant roots were scored out of 38 and 40 inspected roots, respectively (30 of 38 roots and 33 of 40 roots). For Pro35S::AtCKX3, the result was similar (32 of 41 roots and 19 of 23 roots). In WT background, only 5 of 39 inspected roots revealed aberrations in the DR5rev:GFP expression pattern. Accordingly, the first 5 columella cells were significantly enlarged in the longitudinal direction in several independent Pro35S:AtCKX2 and Pro35S:AtCKX3 lines (Fig. S6) . This presumably reflects the dosedependent role of auxin in the regulation of cell elongation (43) and provides additional evidence for a disturbed auxin gradient in the root tip of Pro35S:AtCKX2(3) lines. We also tested whether endogenous CK levels influence PIN transcription or polar PIN localization. In the roots of 6-day-old seedlings of both Pro35S:AtCKX2 and Pro35S:AtCKX3 lines, polar localization of PIN2 and PIN4 proteins did not differ from that of controls (Fig.  S7 ), but we have found a strong decrease in the PIN2 and PIN4 mRNA levels (Fig. 6B) . Based on these data, we conclude that distinct levels of endogenous CKs are necessary to maintain expression of PIN auxin efflux carriers in the root tip, thus regulating formation of local auxin maxima and root meristem development. These data show that the mechanism of CK-dependent regulation of PIN transcription and control of differential auxin distribution that we identified during de novo organogenesis also applies for processes in planta.
Discussion
Our work addresses the mechanism underlying the role of the phytohormones auxin and CK in plant organogenesis. We show that in contrast to CK, auxin is able to induce a de novo organogenic response in hypocotyl explants. This is in accordance with the recent recognition of auxin and/or its gradients as a general trigger for the change in the developmental program in plants (4, 15) . We have found that the auxin-induced organogenic response is accompanied by production of endogenous CKs and the tissue-specific activation of the CK signaling pathway. The activation of ARR5 expression in the absence of exogenous CKs was also observed in root explants (44) . This further confirms our conclusions and implies that auxin might induce similar developmental programs in root and hypocotyl explants, thus strengthening the role of auxin as a universal trigger of organogenesis.
Formation of lateral roots represents one of the examples for postembryonal de novo organogenesis in plants. Recent reports (20, 22) suggest potential involvement of CKs in the regulation of auxin efflux during lateral root formation. Exogenous CKs are supposed to down-regulate expression of all inspected PIN genes at early stages of lateral root primordia development (20 in which at least PIN2 and PIN4 are down-regulated after endogenous CK depletion. Our results reflect predominantly the context of primary root meristem, because we have analyzed PIN expression in the roots of 6-day-old seedlings, in which only a few lateral roots and lateral root primordia have yet been formed. This implies that CKs affect the expression of individual PIN carriers differentially in particular plant tissues and that complex interactions between CKs and individual members of the auxin-efflux machinery should be further characterized in a spatiotemporal context. Our results suggest that in addition to recently identified interaction between CK and auxin on the level of signaling (45) , CKs modulate auxin distribution via regulation of auxin efflux. This type of regulation represents a thus far unidentified mechanism for well-known CK-auxin interactions during plant development. We propose that changes in endogenous CK levels form an intrinsic part of the auxin-induced organogenic response and that CK-mediated modulation of auxin distribution via regulation of auxin efflux is one of the mechanisms underlying the auxin-CK interaction during organogenesis in plants.
Materials and Methods
Plant Materials. Unless otherwise stated, all plant material used was Arabidopsis thaliana, ecotype Col-0. For the hypocotyl explant assay, ahk2-1, ahk3-1, and ahk4 -1 (30) single-mutant lines and ahk2-1 ahk3-1, ahk3-1 ahk4 -1 (30) , and ahk2-2TK cre1-12 (29) Hypocotyl Explants Assay. Plants were cultivated 1 day in the light and 5 days in the dark in Petri dishes with Murashige and Skoog medium, including Gamborg B5 vitamins in growth chambers (Percival) at 21°C. Hypocotyls were isolated by removing cotyledons and roots and were placed on Petri dishes with cultivation medium as described (27) and enriched with respective hormone concentrations. Kinetin, 2,4-D, and NAA were purchased from Sigma-Aldrich. Hypocotyl explants were cultivated for 21 days under long-day conditions (16 h light at 21°C and 8 h dark at 19°C), a light intensity of 100 M⅐m Ϫ2 ⅐s Ϫ1 , and 80% relative humidity.
[ 3 H]NAA Accumulation in BY-2 Cells. The [3H]NAA accumulation assay was performed as described (38) .
